Low frequency observations are desired for soil moisture and biomass remote sensing. Long wavelengths are needed to penetrate vegetation and Earth's land surface. In addition to the technical challenges of developing Earth observing spaceflight instruments operating at low frequencies, the radio frequency spectrum allocated to remote sensing is limited. Signal-of-opportunity remote sensing offers the chance to use existing signals exploiting their allocated spectrum to make Earth science measurements. We have made observations of the radio frequency environment around 240-270 MHz and will discuss properties of desired and undesired signals.
INTRODUCTION
Low frequency remote sensing of the land surface makes the measurement of soil moisture closer to the root zone and measurement of biomass possible. Knowledge of these parameters provides additional information useful for understanding surface hydrology, deeper processes, and carbon storage. Remote sensing frequencies of spaceflight instruments have been pushing downward over the last decade. We are nearing a decade of continuous L-band radiometer observations starting in 2010 with SMOS, 2011-2015 with Aquarius, and continuing today with the 2015 launch of SMAP [1] - [3] . However, microwave radiometry below L-band is not demonstrated in modern times and may be impractical because of the lack of radio spectrum allocations for passive use giving rise to severe radiofrequency interference (RFI). Radiometry is desirable for soil moisture because it measures brightness temperature, a quantity directly related to soil moisture through emissivity, dielectric constant and water content. Synthetic aperture radar (SAR) at L-band provides improved spatial resolution over a radiometer, but cannot match the accuracy of the passive measurement. SAR, however, is used at P-band (400 MHz) for deeper soil moisture and biomass. Nonetheless a significant problem is obtaining permission to transmit from spectrum management authorities, particularly over North America and Europe [4] - [6] .
Both radiometers and radars are challenged with radio spectrum access: existence of RFI for radiometers and permission to transmit for radars. To alleviate the challenges of spectrum access, signals-of-opportunity (SoOp) reflectometry provides a good compromise between radiometry and SAR. SoOp inherently has access to the spectrum because it uses the very systems that limit the access to Earth observing instruments.
SOOP-AD
We developed the SoOp Airborne Demonstrator (SoOp-AD) operating at 250 MHz (120 cm) shown in Fig. 1 . The system flies on NASA's B-200/UC-12B aircraft and consists of a two-element patch array, an RF front-end, and a digital receiver. The digital receiver system has the ability to record 30-MHz of spectrum in addition to its on-board processing capability. The wavelength at 250 MHz is more than 5 times longer than that of L-band; the penetration depth (1/e) can be obtained from dielectric model depth equation and is computed to be 7 times deeper than L-Band [7] . In support of our instrument testing, we made measurements of the radio spectrum with two ground-based receivers and the airborne instrument itself.
THE 240-270 MHZ SPECTRUM
According to the NTIA Redbook [8] within the United States, the spectrum containing 240-270 MHz is allocated for fixed and mobile use. There is wide government use according to the NTIA Federal Government Spectrum Compendium [9] :
The band 225-328.6 MHz is used for a diverse array of land-based, airborne, maritime, and satellite radio communications services by the military forces, National Guard units, Federal Aviation Administration (FAA), Coast Guard (CG), National Aeronautics and Space Administration (NASA), Department of Energy (DOE), and other Federal agencies. Tactical and non-tactical mobile communications, mobile-satellite communications, and air traffic control communications are the most prevalent uses.
For SoOp-AD, the satellite communications signals are the desired signal and the others are considered interference. SoOp techniques provide some immunity to interference because of the match-filtering like action of cross-correlation with time and Doppler compensation; however, the presence of interference does still degrade performance.
RESULTS
Four examples of the radio spectrum measured in different locations and conditions are shown here. First is a spectrogram in Figure 2 measured using a directional antenna pointed skyward near Lafayette, IN. The average power spectral density collected over 1 hour zoomed into 254-262 MHz reveals persistent narrowband signals some of which are our desired SoOp signals.
Second is a spectrogram also measured using a directional antenna pointed skyward but located near Washington, D.C. (Figure 3 ) This spectrogram is notably different. There are indeed persistent narrowband channels (our desired signals), but significant transient broadband interference is also prevalent over the 240 hours of periodic data collection. Given the widespread government use of the spectrum as indicated by NTIA, the presence of the interference is perhaps due to the receiver's physical proximity to the nation's capital.
The final examples are power spectral density snapshots presented in Figure 4 from observations made by the SoOp-AD during flight. Both images show results from H and V polarized channels. The top figures are from flights over the Pamlico Sound, NC area while the bottom correspond to the Little Washita, OK watershed area. The satellite communication channels are not as evident as in the spectrograms. There also appear to be other sources present, which could be due to the larger field of view (vs. the groundbased directional antennas) of the SoOp-AD antennas looking viewing Earth and sky from roughly 3-km altitude. 
